1. Introduction {#sec1}
===============

The etiology of glioblastoma multiforme (GBM), the most serious form of brain cancer, is obscure. Attempts to assign specific causative factors responsible for driver mutations in critical oncogenes and tumor suppressor genes have generally not been informative \[[@bib1], [@bib2], [@bib3]\]. It has been proposed based on compelling data that a dominant factor in the relative incidence of different cancers in different tissues, including GBM, is related to the low random DNA polymerase-based error rate that occurs each time a stem cell replicates its DNA [@bib4]. The yield of mutations, and the corresponding lifetime cancer risk, is therefore predicted to be a function of the number of stem cells in a tissue and how often they replicate over a period of time. It was noted that for some cancers, but not GBM, that the correlation between the number of stem cell turnovers and cancer risk is not as strong, suggesting factors other than replication related errors. The polymerase miscoding error rate would be sensitive to the level of DNA damage from increased exposure of the genome to endogenous (e.g., RNOS) and exogenous (e.g., heterocyclic aromatic amines) promutagenic chemicals \[[@bib5], [@bib6]\] due to the recruitment of lower fidelity DNA repair and/or translesion synthesis polymerases.

In the current work, we have dissected the mutation patterns in 8 genes associated with 3 oncogenic pathways \[[@bib2], [@bib7], [@bib8], [@bib9]\], that are frequently mutated in GBM in order to determine whether the mutation pattern is, as predicted, based on random polymerase errors, or whether there is a level of specificity that can be attributed to other mutagenic pathways. The genetic alterations in PTEN, TP53, EGFR, PIK3R1, PIK3CA, NF1, RB1 and IDH1, which are "highly significantly associated" (≥5% incidence, [Table 1](#tbl1){ref-type="table"}) with GBM \[[@bib7], [@bib8], [@bib9]\], were analyzed. While it is not possible to correlate any environmental factor with brain cancer incidence, it is clear that a significant fraction of the critical mutations in genes associated with GBM are not derived from random errors introduced by DNA polymerases. As observed in other cancers, endogenous C deamination at gene body CpG, and at non-CpG sites, plays an important role in generating the mutations in many GBM oncogenes and tumor suppressor genes \[[@bib10], [@bib11], [@bib12], [@bib13], [@bib14]\]. An unambiguous example of the role of deamination at CpG sites is detailed for the highly targeted mutation pattern in GBM tumors bearing activated IDH1 alleles where it is possible to compare the mutagenic rates derived from polymerase errors versus deamination. While the origin of the mutations may not be tightly correlated with polymerase errors, the source of the mutations is likely dependent on the number of stem cells and stem cell replications where DNA is transiently single-stranded, and more exposed to solvent and reactive molecules, accelerating deamination and other DNA damaging reactions.Table 1Missense and nonsense mutation profile in GBM associated suppressor genes and oncogenes.Table 1Somatic mutation[a](#tbl1fna){ref-type="table-fn"} (incidence in GBM)PTEN (31.1%)TP53 (28.9%)EGFR (26.4%)PIK3R1 (11.4%)PIK3CA (10.3%)NF1 (10.6%)RB1 (9.2%)IDH1 (4.8%)Mean% ± s.d.[b](#tbl1fnb){ref-type="table-fn"}C•G→T•A at CpG sites17 (27.0%)[c](#tbl1fnc){ref-type="table-fn"}25 (31.3%)7 (8.2%)04 (16.7%)4 (25.0%)5 (33.3%)12 (92.3%)29.3 ± 28.0C•G→T•A at non-CpG sites20 (31.7%)17 (21.3%)41 (48.2%)5 (33.3%)8 (33.3%)8 (50.0%)4 (26.7%)030.4 ± 15.9C•G→A•T3 (4.8%)15 (18.8%)19 (22.4%)1 (6.7%)1 (4.2%)2 (12.5%)1 (6.7%)09.5 ± 7.8C•G→G•C6 (9.5%)5 (6.3%)7 (8.2%)1 (13.3%)1 (4.2%)1 (6.3%)1 (6.7%)1 (7.7%)8.6 ± 4.5T•A→A•T3 (4.8%)1 (1.3%)1 (1.2%)3 (20.0%)2 (8.4%)02 (13.3%)07.8 ± 2.7T•A→G•C3 (4.8%)5 (6.3%)9 (10.6%)1 (6.7%)5 (20.8%)02 (13.3%)07.8 ± 7.0T•A→C•G10 (15.9%)12 (15.0%)1 (1.2%)4 (26.7%)3 (12.5%)1 (6.3%)009.7 ± 9.5Total missense + nonsense mutations638085152416151314.7 ± 10.4[^1][^2][^3]

2. Methods {#sec2}
==========

2.1. Patient data {#sec2.1}
-----------------

There are 604 GBM samples in the TCGA Provisional glioblastoma multiforme database \[[@bib7], [@bib8]\]. There are 8 genes that are mutated in at least 5% of the tumors. In these 8 genes there are a total of 446 mutations of which 311 are a combination of missense and nonsense mutations. For each tumor sample, there is information on the gender and age at diagnosis.

2.2. Statistical analysis {#sec2.2}
-------------------------

Standard statistical tests were used to analyze the clinical and genomics data, including the Chi-square and t-test. Significance was defined as a P value of less than 0.05. Analyses were primarily performed using R Foundation for Statistical Computing (<http://www.r-project.org/>) and SPSS version 18 (SPSS Inc., Chicago, Illinois).

3. Results and discussion {#sec3}
=========================

3.1. Mutation spectra in key GBM driver genes {#sec3.1}
---------------------------------------------

The analyses of the missense and nonsense mutations in 8 genes associated with GBM are outlined below. Splice site mutations, and deletion and insertion frameshifts, are not included because it is often not possible to assign the specific base that is the origin of the mutation. For some genes, e.g., PTEN, these non-base substitutions account for ∼10% and 22%, respectively, of the mutations in the GBM cohort \[[@bib7], [@bib8]\]. The remaining 68% being missense and nonsense mutations. For other genes, such as TP53, the contributions of splice site (7%) and frame shift (7%) mutations are lower. While the impact of nonsense mutations should be relatively independent of the nature of the stop codon and how it is generated, this is certainly not the case for missense mutations whose phenotype can vary with the nature and location of the amino acid substitution. Most, but not all, of the nonsense and missense mutations observed in the tumor samples are predicted to be oncogenic \[[@bib7], [@bib8]\].

### 3.1.1. PTEN {#sec3.1.1}

Mutation of PTEN, which has 403 codons, is the second most common oncogenic mutation in human cancers, and the most frequently mutated gene in GBM, occurring in 30% of the tumors ([Table 1](#tbl1){ref-type="table"}) \[[@bib7], [@bib8]\]. There are 141 codons in PTEN that can be mutated to a stop codon by single base substitution. Of these 141 codons, 3 (2.1%) are CGA Arg codons. However, 11 of the 16 nonsense mutations (68.8%) in the GBM cohort are C•G→T•A transitions that occur at CGA codons (Table S1). This is \>30-fold above what would be statistically anticipated based upon random polymerase mutations that can yield stop codons. Of the 47 missense mutations in the GBM cohort, 6 (12.8%) are at CGB (B = G, C, T) codons, which account for 1.0% of the 403 codons in the gene. In total, 27.0% of the PTEN nonsense and missense mutations occur at the 12 CGN (N = A, G, C, T) codons that account for only 3.0% of the total. This corresponds to a 9-fold increase above the statistically anticipated mutation frequency. Moreover, there are only 8 codons in PTEN that are mutated ≥2 times in different tumor samples in the GBM cohort, and of the 25 mutations that occur at these 8 sites, 18 (72.0%) are C•G→T•A transitions at Arg CGN codons. An example of selective generation of mutations at CGN sites in PTEN is that the R233 CGA codon is mutated in 5 samples, yet the adjacent R232 (AGG) codon is not mutated in any GBM tumor in the cohort. In addition, conversion of AGA Arg codons to TGA stop codons via T•A→A•T transversions is not observed even though this type of mutation is predicted for replicative polymerases (see discussion below) \[[@bib15], [@bib16], [@bib17]\].

### 3.1.2. TP53 {#sec3.1.2}

TP53 is mutated in 29% of the GBM samples ([Table 1](#tbl1){ref-type="table"}) [@bib8]. There are 108 potential codons out of a total of 393 in TP53 that can be converted to a stop codon by a single base substitution. Of these, 4 (3.7%) are CGA Arg codons yet 3 of the 4 nonsense TP53 mutations observed in GBM are C•G→T•A transitions found at these codons. The 20-fold enrichment of TP53 nonsense mutations at CGA in GBM is similar to that reported in other tumor tissues \[[@bib14], [@bib18]\]. There are 20 Arg CG(T, C, G) codons in TP53 out of the total of 393 codons (5.1%). The CG(C,T, G) codons are targeted with 28 (36.4%) C•G→T•A transitions out of the total of 77 missense mutations, which is 7.1-fold higher than predicted based on a random mechanism (Table S2). These missense mutations are focused in the protein\'s DNA binding domain (codons 102--292) and assumed to be oncogenic. Of the 50 codons in TP53 that are mutated at least twice in the GBM cohort, 24 (54%) involve C•G→T•A mutations at CGN codons.

### 3.1.3. EGFR1 {#sec3.1.3}

Missense mutations are most common in the extracellular domain of EGFR, with A89→^V^/~D~ and G598V predominating presumably due to their effect on increasing receptor auto-phosphorylation in the absence of ligand \[[@bib19], [@bib20]\]. These two hotspots are unique to GBM: lung adenocarcinomas also frequently have EGFR mutations but the mutations are located in the kinase domain. There are 1210 amino acids in EGFR with 36 encoding Arg (CG\[T/C/G\]). This is 3.0% of all the codons and 7 (8.1%) of the 86 missense mutations occur at these codons. Of the 37 mutations that occur at the same codon in ≥2 tumor samples, 16 (43.2%) are at CG(T/C/G) sequences (Table S3). A truncating mutation in EGFR via a C•G→T•A mutation in a CGA codon would presumably be lethal \[[@bib21], [@bib22]\].

### 3.1.4. PIK3R1 {#sec3.1.4}

Mutations in PIK3R1, which codes for the p85α protein that regulates the catalytic activity of p110α kinase encoded by PIK3CA, are observed in 15 of GBM samples. The protein has 724 amino acids. The 22 CGN codons account for 3.0% of the total but no mutations are found at these Arg codons. There are only 3 codons mutated more than once in PIK3R1: G376R ([G]{.ul}GA→[A]{.ul}GA), K379N (AA[A]{.ul}→AA[T]{.ul}) and D560^G^/~H~ ([GA]{.ul}C→G[G]{.ul}C/[C]{.ul}AC) (Table S4), which are in the SH2 and iSH2 domains that interact with residues on the protein encoded by PIK3CA to inhibit kinase activity [@bib23]. There are no CpG sequences in the SH2 and iSH2 interaction domains.

### 3.1.5. PIK3CA {#sec3.1.5}

PIK3CA encodes the p110α kinase with 1069 amino acids that is regulated by p85α. Mutated PIK3CA, which is observed in 10% of GBM, shows a loss of enzymatic regulation by p85α that is encoded by PIK3R1 (see above). PIK3CA has 28 CGN codons (2.6%), and 4 mutations occur at CGN, which is 16.7% of the total of 24 base substitutions. None of the CGN encoded amino acids are in the region associated with the regulatory domain of p110α (see above). Of the 10 mutations observed in ≥2 GBM tumors, 20% are at a CG(T/C/G) codon. The dominant missense mutations are at E542^K^/~V~ (GAA→[A]{.ul}AA/G[T]{.ul}A), E545K/A (GAG→[A]{.ul}AG/G[C]{.ul}G) and Q546K (CAG→[A]{.ul}AG) (Table S5). This region is devoid of CGN codons.

### 3.1.6. NF1 {#sec3.1.6}

The tumor suppressor NF1, which is mutated in 19 GBM samples, contains 2818 codons, of which 59 (2.1%) are CGN codons. Of the 12 nonsense mutations observed in NF1, 5 (41.7%) are C•G→T•A transitions that occur at CGA Arg codons, which is 19.9-fold above that statistically anticipated. Two of these mutations are at codon R192, which is the only codon mutated ≥2. Of the remaining 7 nonsense mutations, 3 are distributed at CAG Gln codons (Table S6). There are missense mutations at L844, D1849 and C622 in the cohort, but none of these are known to have an oncogenic phenotype \[[@bib7], [@bib8]\].

### 3.1.7. RB1 {#sec3.1.7}

The tumor suppressor RB1, which has 928 codons, is mutated in 8% of GBM [@bib8]. Of the 322 codons that can be converted into a stop codon by a single base substitution, 12 (3.7%) are CGA Arg codons. Out of the 12 nonsense mutations in the cohort, 4 (33.3%) are C•G→T•A transitions, which is 9-fold above that statistically predicted. Arg445 (CGA), which is mutated in 3 samples is the only codon mutated ≥2 (Table S7).

### 3.1.8. IDH1 {#sec3.1.8}

IDH1, which has 414 codons, is mutated in 5% of GBM [@bib8]. All of the 13 mutations are at R132 (CGT): 12 R132H (C•G→T•A) and 1 R132G (C•G→G•C) (Table S8). IDH1 is a unique oncogene since the mutations associated with cancer exquisitely switch the enzymology of the WT protein from catalyzing the sequential NADP^+^-dependent oxidation of isocitrate (via oxalosuccinate) to α-ketoglutarate, to the NADPH-dependent reduction of α-ketoglutarate to 2-hydroxyglutarate [@bib24]. IDH1 functions as a homodimer and mutant IDH1 acts as a dominant negative by combining with the WT allele product to afford a dysfunctional heterodimer of WT and mutant. The lower level of α-ketoglutarate, which is a co-factor in multiple enzymatic pathways, results in a diminished ability to oxidize and demethylate 5-methylcytosine (5-mC) causing a hypermethylated genome. In addition, the increased level of 2-hydroxyglutarate acts as a competitive inhibitor of many α-ketoglutarate dependent cellular reactions [@bib25].

3.2. Nature of the mutations in GBM {#sec3.2}
-----------------------------------

The types of mutations that can occur are missense point mutations, nonsense point mutations, frame shift deletions and insertions, and splice site mutations. The frame shift deletion and insertion mutations are most likely to arise as a result of DNA replication, including replication that occurs during DNA repair. Accordingly, the frequency of frame shift mutations is expected to be lower in the brain, which has limited stem cell divisions, than in other tumors. A comparison of the ratios of truncating nonsense point mutations to truncating frame shift mutations in the tumor suppressor genes (PTEN, TP53, NF1 and RB1) commonly mutated in GBM versus the same genes in uterine endometrial carcinoma and malignant melanoma was performed ([Table 2](#tbl2){ref-type="table"}). There is no indication that frameshifts are less common relative to nonsense mutations in GBM than in ovarian tumors, or different from the ratio in all cancers.Table 2Ratios of frameshift deletions and insertions to nonsense mutations in tumor suppressor genes commonly mutated in GBM versus the ratios in all cancers, endometrial cancer and melanoma.Table 2Tumor suppressor geneCancerFS Del & Ins mutationsNonsense mutations (NS)Ratios of FS to NSPTENAll cancers[a](#tbl2fna){ref-type="table-fn"}2471471.68GBM16161.00Endometrial73531.38Melanoma761.17TP53All cancers6776850.99GBM741.75Endometrial670.86Melanoma4100.40NF1All cancers145180.77GBM13131.00Endometrial011-Melanoma4220.18RB1All cancers1461880.78GBM7120.58Endometrial180.13Melanoma370.43[^4]

3.3. Sequences flanking C•G→T•A and C•G→A•T mutations {#sec3.3}
-----------------------------------------------------

### 3.3.1. C•G→T•A mutations {#sec3.3.1}

Transition C•G→T•A mutations at CpG sites are attributed to deamination of 5-mC [@bib11]. C•G→T•A mutations at non-CpG sequences (Cp\[T/C/A\]) are also elevated in GBM oncogenes and tumor suppressors. Deamination of non-methylated C\'s yield dU•G mismatches, which are corrected by base excision repair to afford C•G→T•A mutations. If C→T mutations at CpG sites are subtracted from the total number of C→T missense and nonsense mutations for each gene ([Table 1](#tbl1){ref-type="table"}), 16.7% is the statistically predicted mutation incidence for each of the remaining 6 potential single base mutations. However, C→T mutations at Cp(T/C/A) sites account for 43.5, 30.9, 52.6, 33.3, 40.0, 66.7 and 40.0% of the missense and nonsense mutations in PTEN, TP53, EGFR, PIK3R1, PIK3CA, NF1 and RB1, respectively. In comparing C→T mutations at CpG versus Cp(T/C/A) sequences, it must be remembered that there are many more of the latter than the former. There are 202 C\'s in PTEN, a gene with 1212 nucleotides, that are not in CpG sequences versus 14 CpG sites (14.4-fold difference). For TP53, the ratio of Cp(T/C/A) to CpG is 7.5 (316/42). The ratios of C→T mutations at Cp(T/C/A) versus CpG sites is 1.1 and 0.7 for PTEN and TP53, respectively, making mutations at CpG sequences approximately 10-fold higher that predicted based on random deamination or polymerase errors.

The sequences flanking the C→T mutation sites ([Table 3](#tbl3){ref-type="table"}, Tables S9--S11) in PTEN, TP53 and EGFR are not consistent with enzymatic deamination by APOBEC or AID deaminases, which have a preference for 5′-T-[C]{.ul} and 5′-^A^/~T~-^A^/~G~-[C]{.ul}, respectively \[[@bib26], [@bib27], [@bib28], [@bib29], [@bib30]\]. Therefore, mutations are most likely derived via non-enzymatic hydrolytic deamination of 5-mC [@bib31].

It is possible that the G in the complementary strand at Cp(T/C/A) sequences is the initial site of misinsertion. Many endogenous mutagens (e.g., reactive oxygen species, free radicals, methylating agents, etc.), and exogenous mutagens (e.g., heterocyclic aromatic amines, polycyclic aromatic hydrocarbons, aflatoxins) preferentially react at G and also show modest sequence selectivity in adduct formation [@bib32]. ROS generated by free radicals tends to mutate G in G~≥2~ runs with the 5′-G being the most reactive \[[@bib33], [@bib34]\]. This would predict that C on the complementary strand with a 5′-C would be more extensively mutated. Peroxy radicals selectively react at G in 5′-NpGpC rather than CpG sequences [@bib35], which is quite distinct from H~2~O~2~ mediated DNA oxidation [@bib36]. Methylating agents, such as S-adenosylmethione (SAM) preferentially react at G runs rather than CpG sites to afford G→A mutations [@bib37]. Polycyclic aromatic hydrocarbons, heterocyclic aromatic amines, fungal metabolites also tend to react at G runs and produce a mutational spectrum dominated by C•G→A•T transversions \[[@bib38], [@bib39], [@bib40]\]. Using ligation mediated PCR, it has been shown that polycyclic aromatic amines selectively react at 5-mCpG sequences in cells but the G adduct produces G→T mutations [@bib41]. C•G→T•A mutations at GpG•CpC sequences in PTEN, TP53 and EGFR account for 26.4 ± 10.6% of the mutations, which is close to the 25% predicted for NpC sequences ([Table 3](#tbl3){ref-type="table"}). The analysis for mutations at Cp(T/C/A) indicates that 34.0 ± 11.0% of the C•G→T•A mutations occurs at CpC, which is close to the 33% statistically predicted.Table 3Effect of flanking 5′- and 3′-base on [C]{.ul}•G→[T]{.ul}•A mutations at non CpG sites.Table 3SequencePTENTP53EGFRAp[C]{.ul}7/16 (43.8%)4/13 (30.8%)2/41 (4.9%)Tp[C]{.ul}4/16 (25.0%)1/13 (7.7%)6/41 (14.6%)Cp[C]{.ul}3/16 (18.8%)5/13 (38.5%)9/41 (22.0%)Gp[C]{.ul}2/16 (12.5%)3/13 (23.1%)24/41 (58.5%)[C]{.ul}pA8/16 (50.0%)7/13 (53.8%)17/41 (41.5%)[C]{.ul}pT4/16 (25.0%)4/13 (30.8%)19/41 (46.3%)[C]{.ul}pC3/16 (18.8%)1/13 (7.7%)1/41 (2.4%)

### 3.3.2. C•G→A•T mutations {#sec3.3.2}

C•G→A•T transversions are the second most common mutation, albeit observed significantly less frequently than the C•G→T•A mutations. Analysis of the sequences that flank all of the G→T mutations at CpN sites in PTEN, TP53, EGFR, PIK3R1, PIK3CA, NF1 and RB1 was performed ([Table 4](#tbl4){ref-type="table"}). Of the 34 C•G→A•T mutations in the 7 genes, 14 (41.2%) are at 5′-G[G]{.ul}A sequences (Table S12). This preference is dominated by the 11 G598V (G→T) mutations in EGFR and likely reflects selection versus mutation rates. Outside of EGFR, the flanking sequence has no effect on the mutation frequency suggesting random DNA damage and/or random misincorporation.Table 4Effect of flanking 5′- and 3′-base on C•G→A•T mutations at non CpG sites in PTEN, TP53, EGFR, PIK3R1, PIK3CA, NF1, RB1.Table 4N5′-N-GG-N-3′G183A419T86C46total3434

3.4. Comparison of error signatures of replicative DNA polymerases vs. GBM mutation patterns {#sec3.4}
--------------------------------------------------------------------------------------------

To further probe whether random polymerase misincorporation errors are a major source of mutations in addition to the transitions at CpG sites, which are clearly not random, we compared mutation patterns in PTEN, TP53 and EGFR versus the *in vitro* fidelities of the mammalian replicative polymerases (Pol δ, Pol ε, Pol α). These 3 genes were selected because of the high percentage (\>25%) of samples in the GBM cohort in which they are mutated. For the 3 polymerases, the biochemically determined fidelity rates for base substitution are very high at physiological dNTP concentrations; however, raising the dNTP concentration increased misinsertion rates [@bib15]. The relative order of fidelity at different bases is shown in [Fig. 1](#fig1){ref-type="fig"} (note that a statistical analysis of the error rates was not reported and there is only ∼10-fold difference between the highest and lowest error rates).Fig. 1In vitro mutation signatures for replicative DNA polymerases Pol δ, Pol ε and Pol α and the mutation fingerprint in the 8 GBM genes. Color codes for complementary base pairs.Fig. 1

The normalized misincorporation mutation spectra in the *lacZ* gene produced by the three calf thymus replicative polymerases is plotted in [Fig. 2](#fig2){ref-type="fig"} [@bib15]. The mutations are shown as base pairs changes (e.g., C→T + G→A = C•G→T•A). Also plotted are the normalized mutation frequencies in PTEN, TP53 and EGFR in the absence of C•G→T•A mutations at CpG sites. C•G→T•A mutations, excluding those at CpG sites, account 25--55% of the single base substitutions in the three genes. This is consistent with the misincorporation and mutagenicity data for the 3 polymerases where C•G→T•A transitions are the most dominant misincorporation error and the most observed mutation in the *LacZ* gene (Figs. [1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). In these studies using a single-stranded template, there is the possibility that enhanced deamination of C in the template can give rise to a portion of the C→T mutations. The major differences between the predicted mutation fingerprint based on the three polymerases and the GBM mutation patterns observed in the three genes are (i) the high incidence of T•A→G•C mutations in PTEN and TP53; (ii) the high level of C•G→G•C transversions in GBM; and (iii) lower than anticipated levels of T•A→A•T mutations. In terms of the latter, a transversion of T•A→A•T at Arg AGA codons would produce stop codons in tumor suppressors with the same effect as C•G→T•A transitions at CGA Arg codons. Transversion mutations at AGA are not observed in any of tumor suppressor genes analyzed, although there is no shortage of AGA codons. In fact, AGA and AGG Arg codons are also cold spots for missense mutations in all 8 genes. Because the GBM mutation profile in many of the driver genes is not random and not fully consistent with the infidelities of the replicative polymerases, it is likely that other more efficient mutagenic pathways are responsible for a significant fraction of the unaccounted cancer risk.Fig. 2Single base substitution mutation patterns produced in vitro by DNA polymerases α, ε and δ in *lacZ*[@bib15] versus the GBM mutation patterns observed in PTEN, TP53 and EGFR \[[@bib7],[@bib8]\].Fig. 2

There is an important mutagenic role for error prone translesion polymerases that bypass DNA lesions that block replicative polymerases [@bib42]. The recruitment of these polymerases, which leave distinct mutation patterns are dependent on the nature of the blocking lesion. Depending on the blocking lesions, translesion synthesis (TLS) performed by Pol η, κ, ι, and ζ and Rev1 may be error-free or error-prone [@bib43]. For abasic sites formed from depurination, TLS yields deletions and A misincorporation opposite the non-cognate lesion [@bib44]. Accordingly, lesions on G that are converted to an abasic site will tend to show up at C•G→A•T transversions.

3.5. Quantitative comparison of DNA polymerase based mutations versus deamination {#sec3.5}
---------------------------------------------------------------------------------

Analysis of the mutation spectrum in the IDH1 gene provides an insight into the potential role of random polymerase mutations versus other mechanisms of mutagenesis. The lifetime cancer risk for GBM is estimated to be 2.2 × 10^−3^ [@bib45]. The lifetime cancer risk for an IDH1 mutant GBM is estimated to be 1.1 × 10^−4^:

Using the mutation rate of replicative polymerases as 7.6 × 10^−10^ mutations/stem cell division (including mismatch repair) [@bib4], the statistical risk to acquire a random oncogenic C→T mutation at a specific base in a stem cell, e.g., R132 (CGT) in IDH1, is 5.1 × 10^−19^/stem cell division:

Based on the estimate of 1.6 × 10^8^ astrocyte stem cells per brain [@bib4], the statistical risk for an oncogenic mutation at one of the 4 target bases per brain is 8.1 × 10^−11^:

A unique aspect of GBM is that virtually all stem cell divisions occur prior to birth so there is presumably little amplification of the mutation frequency due to a lifetime of stem cell divisions. Even if all stem cells divided once per year, and this mutation frequency of 8.1 × 10^−11^ is compounded over a 60-year period, statistically there would only be 4.9 × 10^−9^ stem cells with an IDH1 mutation in a human brain or 1 per 2 × 10^8^ humans. No doubt this calculated mutation frequency does not relate to cancer risk in a straightforward manner. It is also possible that the cells that give rise to GBM are not restricted to the stem cell population used in the calculation [@bib4]. However, is seems unlikely that random errors can produce GBM\'s with activating IDH1 mutations, even if this was the sole mutation required, which is highly unlikely.

What other mechanism is consistent with the mutations observed in IDH1? As mentioned above, mutation patterns and mutation frequencies in tumor suppressors and oncogenes have been attributed to hydrolytic deamination of 5-mC to yield C→T transitions at CpG sites [@bib11]. The rate of hydrolytic deamination of 5-mC is reported to be between 4.7 × 10^−4^ and 1.8 × 10^−5^ deaminations/year per stem cell \[[@bib46], [@bib47]\]. Based on this rate, there would be 1.9 × 10^−3^ to 7.2 × 10^−5^ T•G mismatches/year or 1.1 × 10^−1^ to 4.3 × 10^−3^ T•G mismatches by age 60 distributed at the four 5-mC\'s at R132 CpG sites in both IDH1 alleles:

Due to efficient repair of T•G mismatches, it is conservatively estimated that by age 60 no more than 1% of the mismatches (1.1 × 10^−3^ to 4.3 × 10^−5^) would have been fixed into C→T activating mutations at R132 in a brain stem cell. Modest changes in the rate of hydrolytic deamination of 5-mC in different sequences or in regions that are being actively transcribed have been ignored in this analysis, as have potential sequence-dependent repair rates. Regardless, hydrolytic deamination is orders of magnitude more efficient than polymerase errors in generating the mutations observed in IDH1.

3.6. Relationship between DNA replication and mutation rates {#sec3.6}
------------------------------------------------------------

To reconcile the strong relationship between the number of stem cells and stem cell divisions with relative GBM cancer risk [@bib4], there should be a correlation between deamination and stem cell division. Deamination rates are significantly different between single-stranded and double-stranded DNA due to increased exposure of the bases to H~2~O in the former \[[@bib46], [@bib47]\]. The \>100-fold increased rate of deamination in single-stranded versus double-stranded DNA is consistent with the transient formation of single-stranded DNA generated during DNA replication and transcription, being an important factor in oncogenesis.

3.7. Complementary relationship in GBM between oncogenes and tumor suppressor gene mutations {#sec3.7}
--------------------------------------------------------------------------------------------

Another interesting feature of the IDH1 mutant GBM, which has been previously noted [@bib48], is that 100% of the GBM tumors also harbor mutant TP53, while TP53 mutations occur in \<24% of the remaining GBM tumors. The combination of mutant TP53 and IDH1 appears sufficient to initiate transformation since 3 of the 13 tumors with this pair of mutations share no other known oncogenic mutations. In 8 of the remaining 10 tumors, truncating mutations occur in the Alpha Thalassemia/Mental Retardation Syndrome X-Linked (ATRX) gene that is involved in chromatin remodeling, genetic stability and maintenance of telomeres in the absence of telomerase activity \[[@bib49], [@bib50]\]. Other genes in the Receptor Tyrosine Kinase/Ras/MAP kinase signaling pathway (e.g., EGFR, PIK3CA and PIK3R) are mutated in 6 tumors.

In the RB1 mutant cohort with wild type IDH1, TP53 is mutated in 19 (70.4%) GBM tumors, and in 10 out of 15 tumors with nonsense mutations in RB1. In contrast, RB1 mutants are not observed in any of the GBM tumors with mutant TP53 that also have IDH1 mutations suggesting that mutant IDH1 somehow compensates for mutant RB1. However, RB1 expression is significantly higher in tumors with mutant IDH1 than in tumors with RB1 mutations (P = 0.002) or in normal tissue (P = 0.03) ([Fig. 3](#fig3){ref-type="fig"}a). RB1 methylation is similar in the IDH1 and RB1 mutants GBM ([Fig. 3](#fig3){ref-type="fig"}b). The concurrence of TP53 and RB1 mutations has been previously noted and implies that both tumor suppression pathways are important in GBM not bearing an IDH1 mutation [@bib51]. How the loss of TP53 observed in GBM is related to IDH1 mutations is unclear, but it is possible that mutated IDH1 may be responsible for the previously observed hypermethylation of the RB1 promoter and reduced RB1 expression [@bib52]. The effect of the IDH1 mutation on DNA methylation is also consistent with the clinical observation that the DNA methylase inhibitor 5-azacytidine has a therapeutic effect on GBM with IDH1 mutations [@bib53].Fig. 3Relationship between RB1 expression and gene methylation in GBM with wild type versus mutant IDH1.Fig. 3

3.8. Mutations and age at diagnosis {#sec3.8}
-----------------------------------

The sequence of mutagenic events leading to GBM is not known since the disease normally presents after the tumor is advanced preventing the genetic analysis of pre-neoplastic or early stage cancer. To probe this issue, we analyzed the age at diagnosis of GBM patients who harbored the mutations discussed above, although it is appreciated that the relationship between age at diagnosis and the age when the initial mutagenic event occurred are not directly related. It also should be pointed out that many GBM harbor mutations in more than one of the 8 genes analyzed. Consistent with previous analyses [@bib54], the mean age of diagnosis in the cohort is virtually the same (62.0 ± 1.0 y) for all mutations, with 1 exception ([Table 5](#tbl5){ref-type="table"}). The exception is GBM cancers with an IDH1 missense mutation that have a mean age at diagnosis of 39.6 ± 15.7 y.Table 5Relationship between mean age at diagnosis and mutations in GBM cohort \[[@bib7],[@bib8]\].Table 5PTENTP53EGFRPIK3R1PIK3CANF1RB1IDH1Nonsense mutations62.7 ± 13.8 (n = 14)70.3 ± 5.5 (n = 3)None observed82 (n = 1)72 (n = 1)61.5 ± 9.5 (n = 12)64.0 ± 15.6 (n = 12)None observedMissense mutations62.5 ± 12.6 (n = 45)60.1 ± 15.1 (n = 76)60.6 ± 11.6 (n = 97)61.2 ± 15.0 (n = 13)61.7 ± 14.6 (n = 22)66.8 ± 11.9 (n = 4)59.3 ± 4.0 (n = 3)39.6 ± 15.7 (n = 13)Combined62.5 ± 14.2 (n = 59)60.5 ± 14.9 (n = 79)60.6 ± 11.6 (n = 97)62.6 ± 15.5 (n = 14)62.1 ± 14.4 (n = 23)62.5 ± 10.3 (n = 16)63.1 ± 14.1 (n = 15)39.6 ± 15.7 (n = 13)

Analysis of the PTEN mutations in GBM tumors shows no significant difference in the age at diagnosis for males versus females: 66.3 ± 9.7 and 59.9 ± 13.3, respectively (Table S1). There is also no difference in the age at diagnosis for tumors with PTEN nonsense versus missense mutations. However, all 3 tumors in patients diagnosed at ≤40 y harbored C•G→T•A PTEN mutations. The same is true for all 6 tumors in patients diagnosed at the age of ≤50 y. At \>50 y at diagnosis, C•G→T•A transitions account for 52.7% of all of the other 5 potential missense and nonsense mutations.

As observed in the PTEN mutants, there is no difference in age at diagnosis between males and females with mutated TP53 (Table S2). There is no bias for C•G→T•A mutations occurring in patients diagnosed at different ages: ≤30 y (40.0%); ≤40 y (66.7%); ≤50 y (60.0%); ≤60 y (66.7%); \>60 y (44.2%). The incidence of C•G→T•A mutations in EGFR as a function of age is as follows: ≤ 30 y (100%); ≤40 y (75.0%); ≤50 y (71.4%); ≤60y (45.5%); \>60 y (44.6%) (Table S3). The mean age at diagnosis is 60.6 ± 11.8 y. In GBM with PIK3R1 mutations, there are only 6 cases diagnosed prior to age 60 and there is only 1 C•G→T•A transversion in this subset (Table S4). This is consistent with there being no CpG sites within the SH2 and iSH2 domains in the protein that are the target for oncogenic mutations. There are only 3 out of a total of 24 samples with PIK3CA mutations where the age at diagnosis for GBM is below 50 y (Table S5). Despite this, the mean age at diagnosis was 62.1, which is the same as for GBM with the other mutated genes. Only 1 out of the 16 tumors with NF1 mutations was there a patient diagnosed prior to age 50 (Table S6). The RB1 mutations in the cohort were predominantly (86.7%) in patients diagnosed over the age of 50 y and the few earlier diagnosed tumors did not have C•G→T•A mutations (Table S7). Overall, there are no significant differences between the different mutation types in the 7 genes discussed above (Tables S1--S7) and the age at diagnosis. Whether there is any difference in the type of mutation that occurs in the earliest stage of GBM development remains unknown.

The tumors with mutated IDH1 are diagnosed at a much earlier age than in GBM bearing the other mutations (Table S8). Four out of the 5 of the tumors diagnosed at 30 y or less bearing an IDH1 mutation have C•G→T•A transitions, with the remaining tumor having a C•G→G•C transversion. This transversion is the only non C•G→T•A mutation in the IDH1 cohort.

3.9. Potential approaches to limit GBM driver mutations {#sec3.9}
-------------------------------------------------------

If the bulk of mutations are derived from chemical reactions (e.g., deamination, depurination, oxidation), or to mismatch insertions produced by DNA polymerases, the formation of base pair mismatches is unavoidable. However, the efficiency for the conversion of a mismatch into a mutation will be affected by whether the initial mismatch is removed via repair or present during a round of DNA replication. The G•T mismatch, which is generated when 5-mC is deaminated, is a substrate for glycosylases, such as thymine-DNA glycosylase (TDG) that excises thymine in mismatches. After the initial step of cleaving the glycoside bond, the TDG enzyme remains bound to the DNA at the site of the excision. Release of the enzyme and replacement by AP endonuclease-1 (APEX1) and continuation of successful base excision repair, has been reported to be facilitated by sumoylation of TDG, which allows the glycosylase to escape and repair other mismatches \[[@bib55], [@bib56]\]. There is also a report that sumoylation is not necessary for TDG turnover [@bib57]. Accordingly, molecules that facilitate the recycling of TDG by enhancing sumoylation, or by induction of some other structural allosteric change that would accelerate dissociation of the protein from the excision site, could improve the efficiency of G•T mismatch repair. The same is true for enhancing repair of G•dU mismatches that arise from deamination of C.

4. Conclusions {#sec4}
==============

The mutation patterns in the GBM tumor suppressors and oncogenes are not random, and in many cases random mutagenesis cannot account for the sequence restrictive mutations in GBM oncogenes and tumor suppressor genes. Therefore, other more sequence-dependent and/or efficient mutagenic pathways such as deamination [@bib31] and depurination [@bib58], [@bib59] are likely to play a significant role in mutagenesis. Deamination at CGN Arg codons, which can yield 5 different outcomes ([Fig. 4](#fig4){ref-type="fig"}), can explain a significant fraction of the missense and nonsense mutations in many GBM driver genes. If deamination can account for the generation of the highly improbable mutations in IDH1 (4 base target in 6 × 10^9^ bases), it surely must be important in the oncogenic mutations in other genes, assuming that the critical DNA sequences contain a CGN codon.Fig. 4Potential C•G→T•A deamination derived mutations at 5-mCpGpN codons (only coding strand shown).Fig. 4
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[^1]: Highly significantly mutated genes occurring in GBM tumors (% incidence in GBM tumors) \[[@bib7],[@bib8]\].

[^2]: Random mutagenesis predicts 16.7% for each type of mutation.

[^3]: Percent of the total of missense and nonsense mutations.

[^4]: Data for all cancers in based on relative percentages; data for GMB, uterine endometrial cancer and melanoma are the number of tumors with the specific mutations \[[@bib7],[@bib8]\].
